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A New ComputationeMethad for nonLTE, the
Linear Response Matrix

Judith A. Harte, Richard M. Mo re, George B. Zimmerman,
Stephen B. Lbby, Frank R. Graziani and Kevin B. Fournier
Lawrence Livermae National Laboratory

We investigate non-local thermodynamic equilibrium atomic kinetics using nonequilibrium ther-
modynamics and lineaesponse thegr This appoach gives a rigoousgeneal framework for
exploiting resulsfromnon-L TE kinetic calculatiors and offersa practica data-tebulation scheme
suitable for use in plasma simulation codék.describe how this method has been implemented
to supply a fast and accate nonLTE option in Lasex.

Keywords opaciy, non-local thermodynamic equilibrium, naiE, NLTE, linear response
matrix

Introduction

Extensve theoretichand computationhcalculatiors have been dore that lay the grourd work
for alinea respone matrix methal to calculag nondL TE (non-locd thermodynang equilibrium)
opacitiesWe will briefly review somre of thiswork and descrile wha has been doreto utilize this
theory to create a computational package to rapidly calculate mildT®m®mission and absorp-
tion opacities suitable for use in hydrodynamic calculations. The opacities are obtained by per-
forming table look-ups on data that has been generétéideowith a nonL TE package. This
scheme is currently undeexitlopmentWe can see that iffers a significant computational
speed adantageover nonL.TE calculations performed in-line. It is suitable for mild ndrk,
quasi-steady conditions. And itfers a mw insertion path for high-quality ndoFE data. Cur-
rently, the linear response matrix data file is created using*X&Nthese files could be gener-
ated by more detailed and rigorous calculations without changyngaat of the implementation
in the hydro code. The scheme is running in leasmd is being tested anevéloped.

(Brief) Review of Previous Work on the Linear Response Matrix
The radiaitve properties of dense plasmas, such as stellar interiors, are usually studied using
LTE methods. But we are often interested in applications that require non-equilibrium kinetic

1. W.A. Lokke and W. Grasberger, UCRL-52276 (1977); G. B. Zimmerman and R. M. More, J. Quant.
Spectrosc. Radiat. Transf. 23, 517 (1979)
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modek sud aslow densiy plasma and intermedia¢ plasma (e.g lase produce plasmajthat
combine high densities, a significant radiatiomi®nment and noih-TE populations.

Richard Moré and his colleaguesahe doneextensve work to model this type of ndaFE
plasma using the methods of non-equilibrium thermodynamiey. fdve derved a linear
respons matrix, R, tha is symmetit as requirel by the non-equilibrium thermodynan prin-
ciples of enggy consevation and minimum entrogy production and by the detailed balan@ con-
dition ard linear over a surprisingly lage rangedven up to + or - 50% changes in the photon
temperature). R, is defined as fotws:

e _a 1 U an'D .
(KV_KV)BV bl 4._T[IRVVIE|(A/VI)/6_T %UV

wherek, f and k2 are the frequerty (v) dependenemissia and absorptim opacitiesAl, isthe
perturbatia of the frequerty dependetphota intensiy, A, from abladk body distribution, B,
(defined bedw) at an arbitrary frequew, v'. T is the temperature.

Consider an ion interacting with radiation which is approximately a black body at the tem-
perature of the free electrons. Th&atience between the actual radiation and the black body
field causs non-equilibrium populatiors of excited statesin theion and leadsto ane difference
of emission and absorption rates. Thigedence of emission and absorption at freqyeris a
function of the deviation from the black body spectrun at frequerty v and can be describéel asa
response matrix, .

To understand |- more fully, we will describe bw it is calculatedTo generate an n x n
response matrix, n ndofFE calculations are performed. Each calculation is done with a photon
spectrum that is perturbed by altering the black body equilibrium sped®jii), where

B\(T) is the specific intensity of radiation at freqogrv, for a temperaturel, both in units of

enggy. A is a constant. The black body spectrum is perturbed by increasing the radiation inten-
sity by a small facto say 0.01pver a narow frequerty range centered &’, or this could be

thought of awarying one specific line. The net radiatesvpr at all frequencies is then calcu-

lated from the noh-TE model. It can be posie (emission) or @yaive (absorption) and is

found to be linearly proportiondto the chang in the radiation intensity, Ak, = i, - B,,, for small
perturbations. When the response is linda this, a nor-TE calculation could be replaced by

a matrix multiplication of the inputector {/} representing the photon spectrum and the linear
response matrix to yield the outpugictors k¢ and {k,}.

1. Richard More, p. 399 in Atomic and Molecular Physics of Controlled Thermonuclear Fusion, edited
by C. Joachain and D. Post (Plenum, New York, 1983), S. Libby, F. Graziani, R. More and T. Kato, in
Proceedings of the International Conference on Laser Interactions and Related Plasma Phenomena,
edited by G. Miley and E. Campbell (AIP, New York, 1997)
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More and Katd have studied R, for aluminum at neaLTE conditions using calculations
performed with the collisional-radise (CR) model of Fujimoto and Ketand with the iver-
more XSN package which is a naiE, screened-hydrogen@erage atom model. These two
“codes” gve quantitave agreement good to ~20% for the linear response matrix and it is accu-
rately symmetric The symmety of the respone matrix, R,,, does nat deperml on the exad model
usal to calculaeit, the levelsincluded in the model| the coupling schemeatomi enegy levels or
cross sectionslt’'sexad and generband depend only on detailed balance The symmety of R,
provides a rigorous consistentest for nontTE models. In fact, Bug in our XSN codevas
found when calculatiors producel anon-symmetic matrix. Upon fixing the bug, XSN generated
a symmetric R, matrix.

Implementation in a Simulation Code

How do we propose to use this formalism to prodase nonk TE emission and absorption
opacities for a radiation hydrodynamics code? It is the linearity of the response matrix that is the
basis for the schem®&o implement it we must both create a database with d.hiEratomic
physics code and then use this database in the hydro code. Becaexeae@sines the emission
and absorptim opacities separatel, rathe than creatirg the linear respone matrix R, described
above, we form two similar n x n matrices. One is for emission opacities and one for absorption
opacities. The appropriate opacities are then calculated in the code by a table look-up to account
for the temperature and density dependencewell by a matrix multigl.

In our test problems, the material depgi, and temperature is discretized on a 13 by 15
mesh. Fifty frequety groups are used to represent the photon blision. Fifty XSN calcula-
tions are performed to generate 50 x 50 matrices at(pafhpoint that describe the linear
respons of both the emission and absorptio opacities at the 50 specifi@ frequencisto perturba-
tionsat all frequenciesone by one The LTE opacities (where the photm distribution, 4, = B,) and
the coronal opacities assumifygO (for future work to povide realistic limitingvalues) are also
stored in the table at eadh, 7) point. The required data file is then approximately
50*50*13*15*2 long, containirg abou one million numbes (8 megabytes if we use doubk preci-
sion floating point numberdyor simplicity we choosexactly the same frequey discretization
for our table and the rad-hydro calculation. In ordeavtmd dividing by theexponentially small
numbers in the tail of the black body diktiion, we dvide the perturbation in the radiation dis-
tribution by dB,/dT, as in the definition of ..

1. Richard More and Takako Kato, PRL 81, 814 (1998)
2. T. Fujimoto and T. Kato, Phys. Rev. A 30, 379 (1984)
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Therefore, theralues stored in the Irm (linear response matrix) table are

NLTE, |, LTE
Ky, (V') =K,

LRMvv'(p1T) =
E{(v')—B(v')E
a 1
[] a_TB(V) U

for both absorption and emission for all frequenalesd v’ . Also we store the LTE opacities
and the coronal opacities.

Finally, the implementation in the simulation code requires reading and storing the informa-
tion from the data file and using it to calculate the h®&-opacitiesTo calculate the nohTE
emissia and absorptim opacities from the tabular datawe do log-log interpolationin (p, T) space
for each zone and frequsnon the logarithm of theTE emission and absorption opacities and
on the linear response matrices, that is, onwlentx n (50 x 50) matrices. Th&ect of a non-

LTE photm distribution on the opaciy at a given frequerty, v, is then computel by a matrix mul-
tiply on the linear respone matrix, by summirg the linear respons over all the frequencistimes
the corresponding perturbation oéimulation codes photon intensit

_LTE
K\)(p1 T) - KV (p1 T) + ZLRM

\Y

Y 0 U

: NE
E{Lasnex(v ) - B(V )|:|
[l
—B(V'
0 37#B0V) O
We have found it necessarto impose aceiling on the size of the perturbationthe (4,-B,,) ard are
still testing and éveloping the limits of the algorithm.

Sinee nonLTE XSN alread runs“in-line” in Lasrex, Lasrex is aperfed tes bed for the new
Irm algorithm Itiseay to verify that the new coding isworking properl and to explore the limits
of applicability of the new model| by performirg the same calculation with the Irm formalian and
with the full nonLTE XSN. XSN has many parametesto set We sd them carefully while gener-
ating our tablesto correspod exactly to the onestha will be usead in Lasrex. We have run several
example calculations.
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Test Calculations

The first test problem is a zero dimensional
(one zong simulatian of aluminum at alow density Perturbed photon distribution and a black body (green)
(p=.23 g/cc) and a temperature of 100 eV in the ”722 CoTTT e
presence of a 100 eV black body photon spectr i //-\
that has been perturbed by doubling the photon o= |
intensity for frequencisfrom 0.19t0 0.33 keV. See i W
Figure 1. The Irm results comparery well with I
the XSN results. Figure 2. plots the ratatdifer- g
ence between the absorption and emission opa i 1 ]
ties, k,*k,°)/k,2 vs. frequeny for the Irm 1075 | :
calculation in black and for an XSN calculation i ]
with 300 groups in blue. The calculations are ol /S 1
essentially identical, tfering only because of the \
finer group structure in the XSN calculation. Sin L/ “ ]
lar simulations were performed to monitor the st wojoé e 1 -
sitivity of the opacities to the interpolations in
(p,T) and the results were very reasonable.

/

Figure 1. |, (jerks/cc/keV) vsv (keV)
Perturbed (black) and black body (green)

LRM table and XSN (blue-300 groups)
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Figure 2. k,2-k,9)/k,2 vs. v (keV)
Irm (black) and XSN-300 groupsi(blue)
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A similar zero dimensional test calculatiomas run at adwer density p=.0016 g/cc) and
colde temperatug (T= 46 eV) where aluminun ismorein the nonL TE regime Thes conditions
correspond to thexample used in Libby et’al paper cited earlieThe photon spectrum is per-
turbed as stwn in Figure 3. The intensity between .19 andk&3 was doubled. This is really
quite a strong “perturbation” especially because it is near the peak of the Planckian.

Perturbed photon distribution and a black body (green) LRM tdble dﬂd Xsn (Fed)
1073 e e 02 —
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1077 Ll Ll I \\\iu\ L
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Fi 3. | (ierks/cc/keV keV Figure 4. Emission (source functjon
igure 3., (jerks/cc/keV) vsv (keV) absorption K, 3B, vs. v

Using anothe way to display “non-LTE-ness; we plot the differen@ betwee the soure function
(emission opacity times the Planckian) and a similar quantiphiing the absorption opacity
versus frequety for the tvo calculations in Figure Ve seevery good agreement between the
Irm (in blacKk) and the XSN (inred) calculationsThes teg runsverify both the implementatio of
our Irm model and the linearity of the response matrixafen rather strong perturbations.

A proposed opacitgxperiment is to put a slab of aluminum inside a laser heated hohlraum
and use a back lighter to measure the emission spectrum. The radigitionreent, back light
spectrum, as well as the transmission and emission spectra of the alununlehbe measured
throudh diagnostt holes in the hohlraum We performel simulatiors to modée this type of experi-
ment. A one dimensional slab of aluminunetposed to radiation that is much hotter than the
cold aluminum at say 150 XeWe found that both density and temperature profiles were essen-
tially the same using Irm and in-line XSN. The Irm calculation took less than half the total cpu
time due to aspeel up of ~4 timesin the opaciy calculation Larger speed-upshoutl be possible.

We are continuing to test and refine the linear response model in hopes that it will be a useful
ard efficient tod for modelirg nonL TE physics especialy for the very large meshsrequirel for
three-dimensional problems.
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